INTRODUCTION
Atlantic cod was the most valued food fish in the North Atlantic until the collapse of the wild fishery which occurred over 20 yr ago (deYoung and Rose, 1993) . Progress in commercial cod farming has slowed due to several factors including disease, nutrition and economics (Booman et al., 2011) , although increased demand has renewed an interest in advancement of the industry (Bolton-Warberg and Fitzgerald, 2012) . Developing the cod aquaculture industry will require solutions to these issues, particularly improving feed sustainability.
As a carnivorous marine species, cod require high levels of protein and essential fatty acids, therefore traditional feeds for cod have included high levels of fish meal and fish oil to satisfy these nutritional demands. However, the use of fish meal and fish oil from wild fisheries is environmentally unsustainable and costly, so alternatives should be used in feed formulations to ensure a viable and productive industry. The oilseed camelina (Camelina sativa) is an attractive potential replacement of fish meal and oil. The seed yields 40% total lipid, is low in saturated fatty acids, high in monounsaturated fatty acids and polyunsaturated fatty acids (PUFA) and also high in 18:3ω3 (30%). Camelina meal is considered as a fish meal replacement, on account of its crude protein level (38%), inclusion of methionine and phenylalanine and its availability after oil extraction.
Camelina oil has been used as a replacement for fish oil in diets for Atlantic cod without significantly affecting growth (Morais et al., 2012; Hixson et al., 2013) . However, in the camelina diets tested in these previous studies, the residual lipid in fish meal provided sufficient levels of essential fatty acids. In the present study, the fish meal in a camelina oil diet was solvent extracted to remove most of the long chain PUFA from the diet, to test growth and fatty acid synthesis capabilities of the fish. Camelina meal, however, has not yet been tested in diets for farmed fish.
The overall objective of the study was to evaluate camelina as a replacement for fish oil and fish meal in diets for farmed cod. Building on previous studies using CO, the present goals were to: 1) determine the effect of camelina oil and meal inclusion on Atlantic cod growth; 2) examine the effect of a camelina oil diet with solvent extracted fish meal on cod growth and fatty acid composition; 3) use multivariate statistics as a tool to assess differences in tissue fatty acid composition due to dietary changes; and 4) explain changes in fatty acid composition, synthesis, and energy storage based on diet modifications using the fatty acid mass balance method, energy budgeting.
MATERIALS AND METHODS

Camelina Oil and Meal
Camelina (Calena cultivar) was grown and harvested by the Department of Plant and Animal Sciences, Faculty of Agriculture, Dalhousie University (Truro, Nova Scotia, Canada) at an off-campus location (Canning, Nova Scotia, Canada) . The seeds were single pressed using a KEK 0500 press at Atlantic Oilseed Processing, Ltd. (Summerside, Prince Edward Island, Canada) to extract the oil and ethoxyquin was added to the final product as an antioxidant. The meal was pressed with a hammer mill (screen size 8 mm) into a pre-pressed meal cake at Atlantic Oilseed Processing, then solvent extracted with petroleum ether at a concentration of 3 mL/g at the Faculty of Agriculture, Dalhousie University.
Experimental Diets
All 4 diets in the present study were formulated as isonitrogenous, iso-energetic practical diets (Table 1) and were produced at the Faculty of Agriculture, Dalhousie University. The control diet (FO) was fish oil/fish meal based. In the remaining three diets, 100% of fish oil was replaced with camelina oil. One of these diets retained the same level of fish meal as the control (100CO). In another diet, the fish meal was solvent extracted to remove all marine lipids from the diet to test the full effect of CO (100COSEFM). The fish meal was solvent extracted with petroleum ether at a concentration of 3 mL/g. In the final diet, camelina meal replaced some of the fish meal (15% inclusion in the diet), along with a full replacement of fish oil with camelina oil (100CO15CM). Diets were formulated to meet the nutritional requirements of cod based on previous formulations (Tibbetts et al., 2006) . All diets were steam pelleted using a laboratory pelleting mill (California Pellet Mill, San Francisco, CA) . The initial pellet size was 4.0 mm and it increased to 6.0 mm as the fish grew larger. Diets were stored at -20°C until needed. Proximate composition analyses (moisture, ash and protein) of the diets were conducted at the Faculty of Agriculture, Dalhousie University.
Experimental Fish
An experiment was conducted with juvenile cod (mean initial weight, 14.4 ± 1.6 g/fish; mean initial length, 11.3 ± 0.4 cm) at the Ocean Sciences Center, Memorial University of Newfoundland (St. John's, Newfoundland and Labrador, Canada). Fish were cultured from hatch and reared to initial experimental size. Fish were randomly distributed (840 total) into 12 experimental tanks (3 tanks per diet; 500 L capacity), each tank with 70 fish. A flow through system of 1 µm filtered seawater was supplied to each tank at a rate of 8 L/min and the photoperiod was 12 h. The dissolved oxygen (10 mg/L) and water temperature (10°C) was monitored daily. Ethical treatment of fish in this experiment was followed by guidelines according to the Canadian Council of Animal Care (Memorial University Institutional Animal Care Protocol Approved 12-50-MR). The fish were acclimated to the control diet (FO) for 1 wk before initial sampling, and immediately after initial sampling the fish were weaned onto the experimental diets for 3 d. Triplicate tanks were used for each dietary treatment for 13 wk. Fish were fed to apparent satiation and feed consumption was recorded. Mortalities were weighed and recorded throughout the trial.
Sampling Methods
Initial sampling occurred at wk 0, which was 1 wk after acclimation to the control diet, and before feeding the experimental diet. Final sampling occurred at wk 13. Individual fish were rapidly netted and euthanized by an overdose of anaesthetic (buffered tricaine methane sulfonate, TMS) and clinical signs of death were ensured before sampling. Three fish per tank were randomly sampled and measured for length and weight. Weight gain, specific growth rate, condition factor, and hepatosomatic index were measured. The muscle, liver, skin, brain, spleen, entire gut and the remainder of the fish (carcass) were sampled for lipid analysis. Each organ was weighed on an individual basis. For example, cod were filleted, the fillets were weighed, and then a subsample was taken for tissue analysis. The whole liver was weighed, and then it was subsampled. Brain, spleen and gut were weighed whole and the whole organ was used for lipid analysis. The entire gut comprised of the esophagus to anus. Digesta that remained in the gut was pushed through the anus before sampling. The remaining carcass (head without brain including eyes, spine, and fins) was homogenized in a blender and subsampled for lipid analysis. Lipid samples were stored in a cooler filled with ice during sampling of each tank. The samples were weighed and covered with 2 mL of chloroform. The headspace was then flushed with nitrogen, the tube capped under a Teflon liner and the cap sealed against the tube with Teflon tape. Lipid samples were stored at -20°C until analysis.
Lipid Extracts
Lipid samples were extracted according to Parrish (1999) . Samples were homogenized with a Polytron PCU-2-110 homogenizer (Brinkmann Instruments, Rexdale, Canada) in a 2:1 mixture of ice-cold chloroform: methanol. Chloroform-extracted water was added to bring the ratio of chloroform: methanol: water to 8:4:3. The sample was sonicated for 6 min in an ice bath and centrifuged at 2688 RCF for 2 min at room temperature. The bottom, organic layer was removed using a double pipetting technique. A pipette (1 mL) was placed inside the test tube with negative air pressure to pass through the top aqueous phase. The tip of the 2 mL pipette was then placed inside the 1 mL pipette to draw the bottom organic layer up through the top layer without disturbing the interphase. The organic layer was collected and pooled in a separate rate test tube. Chloroform was then added back to the extraction test tube and the entire procedure was repeated 3 times for muscle samples and 5 times for liver samples. All organic layers were pooled into a solvent-cleaned vial. The samples were concentrated under a stream of nitrogen gas.
Lipid Class Separation
Lipid class composition was determined using an Iatroscan Mark VI TLC-FID (Mitsubishi Kagaku Iatron, Inc., Tokyo, Japan), silica coated Chromarods and a 3-step development method (Parrish, 1987) . The lipid extracts were applied to the Chromarods and focused to a narrow band using acetone. The first development system was hexane: diethyl ether: formic acid (98.95:1.0:0.05). The rods were developed for 25 min, removed from the system for 5 min and replaced for 20 min. Each rod was then scanned to the lowest point behind the ketone peak. The second development was for 40 min in hexane: diethyl ether: formic acid (79:20:1), then rods were scanned to the lowest point behind the diacylglycerol peak. The final development system had 2 steps, the first was 100% acetone for two 15-min time periods, followed by two 10-min periods in chloroform: methanol: chloroform-extracted water (5:4:1); then the rods were completely scanned. Before using each solvent system, the rods were dried in a constant humidity chamber. The data were collected using Peak Simple software (version 3.67, SRI Inc., Menlo Park, California). The Chromarods were calibrated using standards from Sigma Chemicals (Sigma Chemicals, St. Louis, Missouri).
Fatty Acid Methyl Ester (FAME) Derivatization
Lipid extracts of tissues (except muscle samples) were transesterified using the Hilditch reagent (1.5 H 2 SO 4 : 98.5 anhydrous methanol) for 1 h at 100°C. For all muscle samples, lipid extracts were transesterified using 14% boron trifluoride in methanol for 1.5 h at 85°C, as this method efficiently derivatizes samples low in triacylglycerol (Hixson et al., 2013) . Reagents were added in the proportion of 1.5 mL reagent per 4 to 16 mg of lipid (Morrison and Smith, 1964) . To check the derivatization efficiency, samples were transesterified and then the lipid class composition of the methyl ester solution was determined by thin layer chromatography with a flame ionization detector.
All FAMEs were analyzed on a HP 6890 gas chromatography with a flame ionization detector, equipped with a 7683 autosampler. The column was a ZB wax+ (Phenomenex, Torrance, California, USA). The column length was 30 m with an internal diameter of 0.32 mm. The column temperature began at 65°C where it was held for 0.5 min. The temperature ramped to 195°C at a rate of 40°C/min, held for 15 min then ramped to a final temperature of 220°C at a rate of 2°C/min. This final temperature was held for 45 sec. The carrier gas was hydrogen flowing at 2 mL/min. The injector temperature started at 150°C and ramped to a final temperature of 250°C at 120°C/min. The detector temperature stayed at 260°C. Peaks were identified using retention times from standards purchased from Supelco (Bellefonte, PA): 37 component FAME mix (product number 47885-U), PUFA 3 (product number 47085-U) and PUFA 1 (product number 47033-U). Chromatograms were integrated using the Varian Galaxie Chromatography Data System, version 1.9.3.2 (Agilent Technologies, Colorado Springs, CO). 
Fatty Acid Mass Balance Method
To assess the level of fatty acid metabolism, the wholebody fatty acid method (Turchini et al., 2007) was applied. It was necessary to determine the partitioning of the dietary fatty acids amongst excretion, accumulation, appearance or disappearance. Fatty acid appearance or disappearance was calculated as follows (Turchini et al., 2007) : Where, fatty acid body content is the sum of fatty acid (mg) in all organs; fatty acid intake is: (feed intake, g) * (fatty acid, mg/g); and fatty acid excretion is: (fatty acid intake, mg) * (fatty acid digestibility, %). Digestibility values were estimated based on individual fatty acid digestibility by Atlantic cod fed a low-lipid diet (80 g/kg; Hansen et al., 2007) . To calculate final fatty acid body content, the tissues were sampled and analyzed separately and the sum of each fatty acid was calculated to achieve the whole body content. The initial fatty acid body content was based on the mean final fatty acid body content in the control fish, because all individual tissue were not sampled at the start of the experiment and because initial fatty acid profiles of muscle and liver tissues in control fish were not different between initial and final samples. The second step of the method involves the computation of the 18:3ω3 balance. The number of mmol (converted from fatty acid, mg/fish) of longer chain fatty acids that appeared is subtracted from the number of mmol of the previous fatty acid in the fatty acid elongation and desaturation pathway. The estimation of the fate (elongation, desaturation or oxidation) of each fatty acid can therefore be computed according to its specific metabolic pathway according to the method described by Turchini et al. (2007) .
Energy Budget Method
The energy budget of cod was estimated by quantifying the amount of lipid consumed throughout the experiment: (feed intake, g/fish) * (lipid level in diet, %); and the amount of lipid deposited into tissues at the end of the experiment (lipid content of final tissues). The difference in lipid between intake and deposition was assumed to be oxidized for energy and expressed as a percentage of intake. Lipid intake, deposition and oxidized lipid amounts were converted to kilojoules, on the assumption that 1 g of fat = 39.9 kJ. Energy intake, energy deposited, and total energy expenditure were expressed in terms of kilojoules per fish.
Statistical Methods
Statistical analysis followed methods outlined by Sokal and Rohlf (1994) . For analysis of growth, lipid class, and fatty acid data, where individual fish were weighed, measured and sampled, a 2-level nested ANO-VA was performed using the GLM (Minitab 16 Statistical Software, State College, PA). The model was designed to test the effect of diet on the response variable and nested fish individuals within tanks to negate 1 Measurement calculated by individual fish, n is variable depending on number of fish remaining in tank for final measurements ( ± pooled SEM). Within a row, means without a common superscript differ (P < 0.05). Initial measurements, n = 9. Final measurements: fish oil (FO) = 99, 100% camelina oil (100CO) = 104, 100% camelina oil + solvent extracted fish meal (100COSEFM) = 105, 100% camelina oil + 15% camelina meal (100CO15CM) = 98.
2 Weight gain, g/fish = Final weight-Initial Weight. Measurement calculated from tank means (n = 3). variability among tanks and individuals, and also testing for tank effects. For analysis of growth data that depend on comparison to an initial measurement and thus must be pooled per tank (i.e., mean weight gain and specific growth rate), a 2-way ANOVA was performed to test the effect of diet and tank variability. In both cases, where significant differences occurred (P < 0.05), treatment means were differentiated using the Tukey HSD multiple comparison. For each model tested, the residuals were examined to evaluate the appropriateness of the model, therefore normality, homogeneity, and independence of residuals were considered. If a P-value was close to 0.05 and residuals were not normal, a P-randomization was conducted > 5,000 times to test the data empirically. In addition, PRIMER (Plymouth Routines in Multivariate Ecological Research; PRIMER-E Ltd, Version 6.1.15, Ivybridge, UK) was used to analyze selected fatty acid data, using similarity of percentages analysis (SIMPER), analysis of similarities (ANO-SIM), and multidimensional scaling to define similarities and differences among tissue and dietary fatty acid data. Fatty acids that accounted for > 0.05% of total fatty acids were included in the analyses. Multidimensional scaling, SIMPER, and ANOSIM are multivariate analyses that use a resemblance matrix and the latter carries out an approximate analogue of ANOVA. In both cases, non-parametric Bray-Curtis similarity was chosen.
RESULTS
Experimental Diets
Total lipid was not significantly different among diets (8.8% wet weight to 9.9% wet weight; Table 2 ). The 100CO was twice as high in polar lipid than other experimental diets. Triacylglycerol was the predominant lipid class (85 to 91%) in all diets. Sterol was higher in the 100CO15CM diet (3.9%) than all diets (< 2.5%). Acetone-mobile polar lipid was lower in 100COSE-FM (1.0%) than all diets (>2.3%). Phospholipid was higher in all camelina-containing diets than the FO diet. Both monounsaturated fatty acids and PUFA were significantly different among diets and increased in the following order: FO < 100CO < 100CO15CM < 100COSEFM. Both 18:3ω3 and 18:2ω6 increased significantly in the same order according to diet. The PUFA 20:5ω3 and 22:6ω3 were significantly different among diets, and decreased also in the same order according to diet. Total ω3 fatty acids were lower in 100CO than all experimental diets and highest in 100COSEFM, and total ω6 fatty acids were lower in the FO diet than all experimental diets and highest in 100COSEFM. The ω3/ω6 ratio was the same among camelina diets, but was significantly lower than in the FO diet.
Growth Performance
Initially, cod were 14.4 g/fish and grew to 44 to 51 g/fish after 13 wk of feeding experimental diets (Table 3). Cod fed camelina oil had a significantly lower final weight than cod fed FO, and cod fed 100CO15CM had a lower final weight than those fed 100CO and 100COSE-FM. The same result was observed in weight gain. There was no difference in final weight (F = 0.901; P = 0.521) or weight gain (F = 1.06; P = 0.372) among replicate tanks. Cod were initially 11 cm in length, however after 13 wk of growth, cod fed FO and 100COSEFM were significantly longer than cod fed 100CO and 100CO15CM. The difference in weight and length among diets did not affect the condition factor. Cod fed 100CO15CM had a lower specific growth rate (0.9%/d) than all treatments. The hepatosomatic index was not affected by diet (6.0% to 7.6%). Cod fed FO consumed significantly more feed throughout the duration of the trial (33.0 g/fish), and cod fed 100CO15CM consumed the least amount of feed (22.2 g/fish) and had a higher feed conversion ratio (1.1) compared with all treatments. There were no tank differences among replicates for any parameters.
Muscle Tissue Lipid and Fatty Acid Composition
Neutral lipid was higher in 100CO muscle (0.2% wet weight) than other dietary treatments (<0.1% wet weight; Table 4 ). Triacylglycerol was higher in 100COSEFM and 100CO15CM than FO and 100CO. Levels of free fatty acids were higher in 100CO and 100CO15CM than FO and 100COSEFM. Total sterols were higher in cod fed FO (11%) than camelina-fed fish (<7.7%). Phospholipid did not vary among dietary treatments (79% to 89%). Saturated fatty acids were greater in FO-fed fish (22.5%) than any other treatment (Table 4) . Monounsaturated fatty acids were greater in 100CO (20%) than FO (18%), but 100COSEFM and 100CO15CM treatments did not differ from any other treatment. Total PUFA did not differ among treatments (59% to 61%). Total ω3 fatty acids were significantly greater in fish fed FO than any other treatment. Total ω6 fatty acids were significantly greater in fish fed 100COSEFM, followed by 100CO and 100CO15CM, with FO-fed fish at the lowest level. Cod fed 100COSEFM and 100CO had the lowest levels of 20:5ω3, with FO-fed fish containing the greatest level. Further reducing dietary 22:6ω3 by utilizing solvent extracted fish meal reduced muscle 22:6ω3 levels below the FO treatment, but the 100COSEFM treatment was not different from the 100CO and 100CO15CM treatments. Cod fed 100COSEFM had significantly higher levels of 18:2ω6 and 18:3ω3 compared with all treatments. Cod fed 100CO and 100CO15CM contained the same levels of these fatty acids and cod fed FO had the lowest level of 18:2ω6 and 18:3ω3 compared with all treatments. Fatty acids in the ω3 pathway decreased with addition of camelina oil, such as 18:4ω3, 20:4ω3, 22:5ω3; except for 20:3ω3, which increased. There was no significant difference among tank replicates for lipid class and individual fatty acids.
Liver Tissue Lipid and Fatty Acid Composition
Total lipid in the liver was significantly higher in cod livers that were fed 100COSEFM (34.5% wet weight) and 100CO15CM (36.4% wet weight) compared with FO (22.2% wet weight) and 100CO treatments (21.9% wet weight; Table 5 ). Neutral lipid showed the same significant trend among dietary treatments as total lipid. Triacylglycerol, free fatty acids, sterols, and acetone mobile polar lipid did not differ among dietary treatments. Phospholipid was significantly lower in liver of cod fed 100CO (2.5%) than FO (5.0%) and 100CO15CM (5.4%). Saturated fatty acids significantly reduced with camelina inclusion and with solvent extraction of fish meal (100CO > 100CO15CM > 100CO15CM; Table 5 ). Monounsaturated fatty acids were significantly lower in liver of cod fed FO compared with camelina oil-fed cod. Total PUFA did not differ between FO and 100CO, but were significantly higher in cod fed 100COSEFM than all treatments. Total ω3 fatty acids in the liver were significantly lower in 100CO than all other treatments, but FO and 100COSEFM did not differ from each other. Total ω6 fatty acids were significantly greater in 100COSEFM-fed fish than in FO and 100CO treatments. Levels of 20:5ω3 in the 100COSEFM treatment were significantly lower than both FO and 100CO treatments. All camelina treatments were equally as low in 22:6ω3 compared with FO. Cod fed 100COSEFM had the greatest level of 18:2ω6 and 18:3ω3, followed by 100CO and 100CO15CM, with the lowest level in the FO treatment.
There was no significant difference among tank replicates for lipid class and individual fatty acids.
Multivariate Statistical Results
Fatty acid profiles in all tissues (muscle, liver, skin, spleen, gut, and the carcass) were compared within each diet. The multidimensional scaling plot revealed that organs form distinct clusters that change spatially depending on dietary composition as particularly exemplified with the FO (Fig. 1a) and 100COSEFM treatments (Fig. 1b) . The liver and brain form distinct clusters away from the main cluster of remaining tissues. 22:6ω3, 20:5ω3, 18:3ω3, and 18:1ω9 mainly contributed to the patterns observed in the plot among tissues for all dietary treatments. The ANOSIM revealed that the liver fatty acid profile was the single tissue least similar to all other tissue fatty acid profiles for all dietary treatments (See Supplemental Material, available online at www.journalofanimalscience.org). When the liver and muscle tissue were compared across all four diets, a multidimensional scaling plot showed that the muscle and liver from cod fed the FO diet form separate clusters away from the muscle and liver of cod fed camelina diets (Fig. 2) . Regardless of diet, the liver and muscle tissue of any diet form distinctly separate clusters from each other. Comparisons between diet fatty acid profile and tissue fatty acid profile using SIMPER revealed that the brain was most dissimilar to diet fatty acid profile, for all dietary treatments (See Supplemental Material). Comparison of FO, 100CO, and 100CO15CM diet fatty acid profiles to the brain fatty acid profile showed that 22:6ω3 contributed most to the dissimilarity between diet and brain fatty acid profiles. The liver showed the most similar fatty acid profile in comparison to that of the diet, and 18:1ω9 was the major contributing fatty acid to the dissimilarity. Comparison of fatty acid profiles within specific tissues across all diets revealed similarities/dissimilarities of tissue fatty acid profiles due to dietary change (Table 6 ). Overall, tissues in FO compared with 100COSEFM were the most dissimilar; 100CO and 100CO15CM were most similar.
Fatty Acid Mass Balance
The results of the first step in the computation of the fatty acid mass balance method revealed significant differences in the intake, accumulation, and appearance or disappearance of the selected fatty acids (See Supplemental Material). The only long chain ω3 PUFA with positive appearance values was 20:3ω3 for all treatments, because both 20:5ω3 and 22:6ω3 disappeared in all treatments, indicating that intake was higher than accumulation in the tissues. The FO treatment did not synthesize any additional 20:5ω3 or 22:6ω3 beyond what was consumed. Accumulation of 20:5ω3 was equal amongst all camelina treatments, but accumulation of 22:6ω3 was most negative in 100CO and 100CO15CM treatments. As 20:3ω3 was the only elongated product to show a positive appearance value, the second part of the fatty acid mass balance method could only provide information regarding the production of this fatty acid (Table 7) . Elongation (%) of 18:3ω3 was greatest in 100COSEFM > 100CO15CM > 100CO > FO. More than 87% of 18:3ω3 was oxidized in all treatments and was not significantly different among treatments, whereas the remaining 13% was elongated. There was no evidence of desaturation.
Energy Budget
The energy budget of cod was estimated based on total lipid intake and the amount of neutral lipid stored in each organ (neutral lipid/fish; Table 8 ). Cod fed 100CO consumed less than the FO treatment and cod fed 100CO15CM consumed less than all treatments. Muscle, liver, gut, and carcass stored significantly different amounts of neutral lipid depending on the diet. The sum of neutral lipid stored (and energy deposited) in all organs was greatest in cod fed 100COSEFM. Cod fed FO and 100CO oxidized more lipid for energy than cod fed 100COSEFM and 100CO15CM; cod fed 100COSEFM stored the most lipid > 100CO15CM > 100CO = FO. Cod fed FO expended more energy throughout the experiment than 100COSEFM and 100CO15CM. Comparison of liver and muscle tissue across all experimental diets (Control = fish oil; 100CO = 100% camelina oil; 100COSEFM = 100% camelina oil and solvent extracted fish meal; 100CO15CM = 100% camelina oil and 15% camelina meal) after 13 wk using multi-dimensional scaling. Cluster groupings were determined according to Bray Curtis similarity cluster analysis.
DISCUSSION
Atlantic cod were fed diets containing camelina oil, solvent extracted fish meal, and camelina meal to reduce fish oil and fish meal levels. In in this study, using camelina oil as a lipid source for cod significantly reduced final weight and weight gain compared with cod fed a commercial type diet. Generally, cod fed both camelina oil and meal performed the worst, which suggests that this diet was more detrimental to fish growth, partly due to reduced feed intake and poor feed conversion. Previous studies that partially replaced fish meal with soybean meal and soy protein concentrate in diets fed to Atlantic cod have found reductions in feed intake and growth, although inclusion levels were >50% replacement of fish meal (Lie et al., 2011; Colburn et al., 2012) . Camelina meal is known to contain anti-nutritive compounds, such as glucosinolates and sinapine, which may have affected diet digestibility and reduced feed intake (Matthaus and Angelini, 2005) . In addition, double replacements of fish meal and oil interfere with both digestible protein and lipid, thus reducing both the amino acid and fatty acid quality. Although including 15% camelina meal with camelina oil appeared to be more detrimental to feed intake and growth, using solvent extracted fish meal and camelina oil appeared to be most detrimental to the lipid composition in cod tissues.
Muscle and Liver Lipid Composition
Generally, the lipid profile of cod fed 100COSEFM was most impacted by the diet, because all marine lipids were removed and consequently more camelina oil was added to the diet to compensate for lipid loss. In the flesh, triacylglycerol increased in the 100COSEFM and 100CO15CM diets, which is a typical result when feeding camelina oil to fish (Leaver et al., 2011; Hixson et al., 2013) . Also in the flesh, significant decreases were observed in ω3 PUFA (>C 20 ), with significant increases in C 18 fatty acids. This observation was accentuated in 100COSEFM compared with 100CO and 100CO15CM. Despite changes in the fatty acid profile of cod fed 100CO, their fillets still provide similar health benefits for humans as cod fed FO, although the fillets naturally contain >1% lipid. Levels of PUFA and 22:6ω3 were the same between FO and 100CO treatments, and the ω3/ ω6 ratio in all camelina treatments was >3, which helps prevent excess eicosanoid production associated with cardiovascular and inflammatory conditions. 18:3ω3 is also an essential fatty acid for humans (Brenna et al., 2009) , so increased levels of 18:3ω3 in cod flesh are still beneficial for human consumption.
Cod fed 100COSEFM and 100CO15CM stored more total and neutral lipid in the liver compared with cod fed FO and 100CO. Cod store excess dietary lipids as neutral lipid in the form of triacylglycerol in the liver. Although the total lipid, neutral lipid, and triacylglycerol levels in the diets were equal, there are differences in the ways in which the lipids in fish oil and vegetable oil diets are digested, absorbed, and metabolized by cod (Hansen and Hemre, 2013) . Cod fed 80% camelina oil also stored more total and neutral lipid in the liver than cod fed FO diets (Hixson et al., 2013) . Salmon fed a vegetable oil blend containing 20% camelina oil had significantly higher lipid deposition and increased triacylglycerol content in the flesh (Leaver et al., 2011) . Camelina oil in the diet (particularly in the 100COSEFM diet which contained the greatest amount of camelina oil) appeared to be stored in the liver rather than being metabolized for energy, in comparison to cod fed the FO diet. Feeding the 100COSEFM diet for a longer period may have increased the liver weight due to increased lipid storage.
Relationships Amongst Fatty Acid Profiles
Multivariate statistics are a useful tool to define similarities and differences among tissue and dietary fatty acid data. Comparison of diet fatty acid profile to the tissue fatty acid profiles confirmed the observation that the brain was the most resistant tissue to dietary change. The dissimilarity between diet and brain tissue profile becomes wider with camelina oil inclusion, with the greatest dissimilarity between diet and tissue occurring in the 100COSEFM and 100CO15CM treatments. Amongst brain tissues of cod fed any diet, 22:6ω3 was the major contributor to the dissimilarity between diet and tissue; tissue levels in the brain were greater than in the diet. This is evidence of selective Benedito-Palos et al., 2010; Gause and Trushenski et al., 2013) . Conversely, the liver fatty acid profile appeared to assimilate more to the diet fatty acid profile with < 25% dissimilarity between tissue and diet. As the main site of lipid deposition and being high in neutral lipid, it is expected that liver tissue profiles of cod would most resemble that of the diet (Nanton et al., 2003) . Comparison of the liver and muscle using multidimensional scaling indicated that muscle and liver also have distinct fatty acid profiles from each other. Tissues with high proportions of neutral lipid (cod liver) are expected to be compositionally plastic and subject to diet-induced changes in the fatty acid profile, whereas tissues high in phospholipid (cod muscle) will reflect the preferred fatty acids and are less responsive to changes in dietary fatty acids (Gause and Trushenski, 2013) . In addition, the muscle and liver from the FO treatment form distinctly separate clusters apart from the muscle and liver of cod fed camelina diets. This visual representation demonstrates that tissues behave differently from each other when incorporating dietary fatty acids, and often adjust their fatty acid profiles due to drastic changes in the diet, but plasticity depends on lipid class composition and tissue-level demand for certain fatty acids. Fatty acids have been used in ecological studies of trophic relationships as a tool to match tissue composition of the predator with that of potential prey. Controlled feeding experiments where the exact diet composition and tissue composition are measured can provide quantitative estimates of diet assimilation into tissue, which may be useful for estimating prey fatty acid composition based on the known fatty acid composition of the predator and vice versa. In this experiment, when cod were fed a "fish-based" diet, the liver fatty acid profile was about 25% different to the diet fatty acid profile, the muscle was 27% different to the diet and the brain was 42% different to the diet. Because tissue fatty acid composition equals dietary fatty acid composition, plus fatty acid metabolism; and given these quantitative estimates, one can estimate that diet is incorporated into the tissue at 75% (liver), 73% (muscle), and 58% (brain). The biochemical processes involved may include β-oxidation or fatty acid biosynthesis (Budge et al., 2012) .
Fatty Acid Synthesis
Replacing fish oil with vegetable oil that are low in long chain ω3 PUFA is responsible for increased fatty acid biosynthesis to some degree, namely elongase and desaturase activity and transcription rates . To quantify the level of ω3 biosynthesis by cod fed camelina oil, the fatty acid mass balance method was employed. The fatty acid mass balance method was developed for fish by Turchini et al. (2007) to quantify ω3 fatty acid synthesis in fish to determine the level of elongation and desaturation that occurred over the course of a feeding experiment. All fatty acids in the ω3 pathway disappeared, which indicated that the fatty acid was oxidized, with the exception of 20:3ω3. The disappearance of 18:3ω3 in particular could indicate metabolic conversion to longer, more unsaturated fatty acid chains or utilization of their carbon skeleton through β-oxidation for energy production (Turchini et al., 2007) . Appearance of 20:3ω3 in cod fed camelina oil is an indication that 18:3ω3 was elongated to form 20:3ω3; but disappearance of 18:4ω3 and 20:4ω3 suggests inactivity of the desaturase enzyme.
Because 20:3ω3 was the only fatty acid that did not disappear according to this method, cod in this experiment only showed signs of elongation, not desaturation. The same result was found in studies that also replaced fish oil with camelina oil in diets for cod (Morais et al., 2012; Hixson et al., 2013) . Most studies in Atlantic cod gene expression have shown expression of elongase and low expression of delta-6 desaturase, perhaps associated with lower activity of delta-6 desaturase promoter (Morais et al., 2012) . This begs the question why evolution has allowed cod to elongate to this dead end product rather than evolve to desaturate 18:3ω3. 20:3ω3 is not very well characterized or studied; therefore its usefulness in fish biology is relatively unknown other than being a product of a suggested dead end pathway. One hypothesis suggests that synthesis of 20:3ω3 is a step in a short-cut pathway, when substrate competition between ω3 and ω6 pathways is rate limiting and the 18:4ω3 step can be by-passed by producing 20:3ω3, rather than the conventional delta-6 desaturation followed by an elongation (Tu et al., 2012) . However, in this experiment there was no evidence of increased 20:4ω3, which indicates that cod have difficulties with desaturation rather than elongation. Cod fed 100COSEFM elongated 13% of 18:3ω3 provided in the diet compared with cod fed FO which only elongated 1.6%. These findings suggest that excess 18:3ω3 may encourage elongation in cod, not desaturation. The evolution and biology of Atlantic cod explain their limited synthesis activity; in the context of their environment which is rich in long chain ω3 PUFA in North Atlantic ecosystems. In comparison, freshwater rainbow trout have been shown to synthesize 27% of their own 22:6ω3 from 18:3ω3 when fed camelina oil diets (Hixson et al., 2014) . Comparing the biosynthesis capabilities of these diverse species is confirmation of their different evolutionary backgrounds and adaptations to their environment.
Energy Deposition and Expenditure
Considering the above results, we know that 87% to 98% of 18:3ω3 provided in the diet was utilized for energy rather than biosynthesis of longer, more unsaturated fatty acids. Energy expenditure appeared to be lower in cod fed 100COSEFM compared with FO, and cod fed 100COSEFM also deposited more lipid/energy than any treatment. Lipid deposition often indicates that it is not required for energy, or specific fatty acids in abundance are not required for certain metabolic functions, which may also indicate a deficiency of certain fatty acids. It is plausible that abundant fatty acids in camelina oil (18:3ω3, 18:2ω6, 18:1ω9), which were accentuated in the 100COSEFM diet, can only be utilized to a certain extent. Fatty acids are readily oxidized when present in high concentrations in the diet; even 20:5ω3 is abundantly oxidized when plentiful in the diet (Turchini and Francis, 2009 ). If most of the fatty acids from camelina oil are preferentially oxidized, and maintenance energy requirements are met, excess lipids that are not useful to normal metabolic functions of the fish will be stored in the liver. In the case of the 100COSEFM treatment, excess dietary camelina oil did not significantly lend to energy production and growth, but was rather stored and some dietary lipid was wasted. Elongation of 18:3ω3 at 13% could not sufficiently convert all excess 18:3ω3 provided in the diet into more useful long chain ω3 PUFA. Excessive replace- ment of fish oil with camelina oil not only reduced growth, but interfered with lipid storage and energy expenditure, with very little metabolic ω3 synthesis to compensate. As a result, excessive dietary content of other PUFA, namely 18:2ω6 and 18:3ω3 that are abundant in vegetable oils has been previously reported to be a relatively wasteful practice (Turchini and Francis, 2009) .
Conclusion
This study replaced 100% fish oil with camelina oil, removed lipids from fish meal, and included 15% camelina meal in diets for Atlantic cod. This was the first study to include camelina meal in a diet for Atlantic cod. Growth was significantly reduced when camelina oil diets were fed for 13 wk. Tissues in cod fed the 100COSEFM fed treatment were most impacted by change in dietary fatty acid profile, because all marine lipids were removed and consequently more camelina oil was added to the diet to compensate for lipid loss. Cod fed 100COSEFM elongated 13% of 18:3ω3, whereas cod fed FO showed minimal elongation of 18:3ω3. Energy budget estimates indicated that excess camelina lipids were deposited in the liver and not utilized for energy, which may have impacted growth. Feeding 100% CO to Atlantic cod impacted growth, lipid and fatty acid composition; however, the further reduction of fish oil by using solvent extracted fish meal was the most detrimental to cod lipid metabolism.
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